Royal Society of Chemistry Nafria, R.; Ramirez De La Piscina, P.; Homs, N.; Ramon Morante, J.; Cabot, A.; Díaz Morales, UM.; Corma Canós, A. (2013) The hability to produce catalytic nanoparticles with controlled properties is key to develop and produce heterogeneous catalysts with optimized activity and selectivity. Not less important is to maximize the nanoparticle dispersion over high area supports maintaining their optimized properties. Here we detail a general procedure to produce heterogeneous 10 catalysts containing a large surface area mesoporuos support and highly dispersed catalytic nanoparticles with controlled properties. We exemplify the developed method using colloidal gold nanocrystals as the catalytically active phase and titanium oxide as the paradigmatic support. Our synthetic strategy is based on the formation of an inorganicorganic hybrid mesoporous material from the surface of the colloidal nanocrystals. A 15 variety of organic spacers allows tuning the final porosity of the support. The good accessibility of the active catalytic sites in these materials is demonstrated by high CO oxidation conversion values.
Introduction

20
When preparing heterogeneous catalysts formed by metal nanoparticles dispersed on high area oxide supports, one aims to maximize the nanoparticle dispersion and its most active and selective facets, to optimize its size, and in some cases to enhance the interaction strength between the metal nanoparticle and the 25 oxide support. A first step towards maximizing the active phase dispersion is the use of mesoporous supports with large surface areas. The challenge arrives when attempting to disperse the active catalytic phase in such highly porous structures. Conventional impregnation methods hardly allow to take full 30 advantage of the enormous surface areas of mesoporous supports. Moreover, impregnation methods do not provide the level of control over the nanoparticle properties required to optimize their catalytic performance. A solution towards optimizing nanoparticle properties can be found in colloidal synthesis routes, 35 which have been demonstrated successful in preparing nanoparticles with a high level of control over size, geometry, phase, and composition. [1] [2] [3] [4] [5] However, the dispersion of these nanoparticles over oxide supports, especially those with large surface areas and small pores is an extremely challenging task. 40 Recently, a new synthetic strategy to produce mesoporous silica matrices with embedded but accessible gold nanoparticles has been reported. [1, [6] [7] [8] [9] This strategy involves the formation of threecomponent metal-organic-inorganic structures by means of the polymerization of organosilica units anchored at the surface of 45 colloidal metal nanoparticles.
In the present study, we generalize this synthetic procedure to the preparation of dispersed and accessible metal nanoparticles embedded within transition metal mesoporous matrices having controlled porosity. We exemplify the method using colloidal 50 gold nanocrystals as the active catalytic phase and titanium oxide as the model support. Aromatic carboxylates derivates were used as physical spacers between titanium centers in the initial inorganic-organic hybrid framework [10] [11] [12] . We demonstrate the accessibility of the catalytic nanoparticles embedded in TiO 2 55 mesoporous matrices by measuring the CO oxidation at low temperature and analyzing the coordination sites by means of DRIFT spectroscopy.
Experimental section
60
Preparation of gold nanoparticles: Gold nanoparticles were prepared following the procedure reported by Budroni and Corma. [6, 7] In a typical synthesis, 0. [ 10] The final solution was vigorously stirred and heated to 120 o C under Ar for 12 h. The gel-like precipitate obtained was filtered and washed with toluene. The precipitate was dried in a vacuum 25 oven for 48 h at 160 o C. Temperature was afterward raised to 180 o C and maintained there for 6 h. The obtained powder was calcined in air at 450 o C for 4 h to remove organic molecules. [10] Scheme 1 represents the synthesis method. Metal contents were determined using optical emission spectroscopy by means of inductively coupled plasma (ICP) on a Perkin Elmer Optima 3200 RL system. Elemental analyses were performed using an elemental organic analyzer Thermo EA 1108, working under 120 ml/min helium 65 flow, the combustion furnace at 1000 o C, the chromatografic column oven at 60 º C, and 10 ml oxygen loop at 100 kPa.
Transmission electron microscopy (TEM) micrographs were obtained using a JEOL JEM-2100. FT-IR spectra were recorded on a Bruker IR ALPHA in the range 70 4000-400 cm 2 . molar ratio = 2.6) and balanced with Ar was feed into reactor, using a GHSV =9965 h -1 . The CO oxidation reaction was monitored by means of diffuse reflectance infrared spectroscopy (DRIFT) in a Nicolet Magna-IR 750 FTIR spectrometer equipped with a liquid-nitrogen-cooled 5 MCT detector and a Spectra Tech Inc. catalytic DRIFT chamber. The outlet of the DRIFT chamber was connected on-line through a capillary tube to a Balzers instrument (QME 200) equipped with a quadrupole mass spectrometer, which had been previously calibrated to monitor the evolution of the different potential 10 products. A mixture of 9.87 % CO/He and 10.03 % O 2 /He in a molar ratio CO/O 2 = 2 molar and balanced with He, in a total flow of 30 ml/min, was feed into the catalytic DRIFT chamber. 15 Gold nanoparticles stabilized with DT and MPMS were produced following the procedure reported by Budroni and Corma. [6] A representative TEM micrograph of the Au nanoparticles and its corresponding size distribution histogram are displayed in Figure  1a . The average size of the gold nanoparticles prepared and used 20 in this work was 2.1 ± 0.5 nm. formed around the gold nanoparticle, making its surface inaccessible for catalysis. On the other hand, without MPMS the titania mesoporous structure would grow independently of gold nanoparticles. [6] To further control the Ti-Ti and Ti-Au distance in the Au-50 organic-Ti mesoporous structures, we used rigid carboxylic acid as spacers in between titanium centers (Scheme 1). Three carboxylates with different lengths were tested in the present work: terephtalic acid, 2,6-naphthalenedicarboxylic acid and 1,3,5-tris(4-carboxyphenyl)benzene. The use of such organic 55 compounds initially resulted in highly porous organic-inorganic hybrid frameworks resembling those of metal organic frameworks. [13] [14] [15] Figure 2 shows the IR spectra of the isolated free acid ( Fig. 2A ) and the hybrid material (Fig. 2B) . The carboxylate stretching 60 frequencies are between 1600-1380 cm -1 . Bands around 1400 cm -1 correspond to symmetric stretching modes γ sym and bands between 1600-1500 cm -1 are assigned to asymmetric modes γ asym .
Results and discussions
The difference between carboxylate stretching frequencies ∆ =γ asym -γ sym of the ionic therephtalic structure is around ∆=177cm -65 1 . [10] We suppose similar values for the other ionic structures. We determined the bonding mode between the carboxylic acids groups and titanium centers in Au-organic-Ti structures by measuring ∆=γ asym -γ sym . While monodentate complexes have higher ∆ values than the ionic structure, in bidentate-bridging 70 modes ∆ values are lower but close to the ionic value, and bidentate chelating modes exhibit much lower ∆ values than the corresponding ionic structure. [10, 16] The frequency separations compiled in Table 2 suggests that terephthale and 1,3,5-tris(4-carboxyphenyl)benzene ligands were bonded to titanium as a 75 monodentate and bidentate-chelating mode. However, 2,6-naphthalenedicarboxylic was bonded in the bidentate-bridging and chelating bridging mode. To determine the temperature required for organic removal, thermogravimetry analyses were conducted. Samples were heated at a rate of 10 °C·min -1 from room temperature to 800 °C in air observed. These large Au particles may be originated from initial gold aggregates which were not properly functionalized and thus were not embedded inside the TiO 2 structure. peaks of the Au-spacer-Ti materials were shifted to lower angles with increasing the size of the organic carboxylate. Figure 3b ). When using organic spacers, a small peak at 30.8 o corresponding to the brookite phase was also identified. The TiO 2 crystallite size was 45 estimated at 9-10 nm from the full width at half maximum of the (011) peak by Scherrer's equation. [17] This reduced particle size potentially favor the catalytic performance of the material, as it increases the density of metal-support active-sites.
[1, [18] [19] [20] .
50 Table 3 . Surface area before and after calcination and position of the main XRD peak of the as-prepared sample. (Table 3 ) and type IV-H4 adsorption-desorption isotherms. TiO 2 materials produced in the same way but without Au nanoparticles were characterized by larger BET surface areas, above 550 m 2 /g. These samples, having 65 no gold and no spacer, presented type I physisorption isotherms, characteristic of microporous materials. After calcination, the isotherms of all Au@TiO 2 materials 75 conserved the characteristic type IV cycles corresponding to mesoporous materials. However, a decrease of the surface area was obtained. Larger spacers had associated smaller surface area decreases, being the largest surface area decrease observed for the materials with no organic spacer. We believe that the higher 80 thermal stability of the larger carboxylate molecules more effectively prevented the mesoporous structure to collapse. This is consistent with the picture of organic spacer as effective structural directors. Owing to its largest surface area, we selected the catalyst Au@TiO 2 (b), prepared using 1,3,5-tris(4-carboxyphenyl)benzene 5 acid as spacer, to compare the catalytic activity of embedded Au@TiO 2 materials with that of impregnated samples. The impregnated Au/TiO 2 sample was prepared by impregnating a mesoporous TiO 2 materials obtained using the 1,3,5-tris(4-carboxyphenyl)benzene spacer with 1% of Au: Au/TiO 2 (b). As a 10 reference, we also measured the catalytic performance of Au@TiO 2 without spacer and that of the TiO 2 sample with no gold, TiO 2 (b).
The materials catalytic activity was tested through the CO oxidation reaction in the temperature range from 25 ºC to 250 º C 15 ( Figure 5 ). [23] [24] [25] [26] [27] [28] At each temperature, the system was allowed to stabilize during 10 min. We further studied the materials catalytic performance using DRIFT spectroscopy coupled to mass spectrometry to follow the evolution of adsorbed species. Before the CO-O 2 adsorption experiment, samples were treated at 150 o C in oxygen atmosphere. At this temperature, CO and oxygen were introduced 40 into the DRIFT chamber. After 1h, the reaction was quenched by introducing He into the chamber and quickly cooling the material to 25 o C. During cooling, free CO and CO 2 progressively disappeared but bonded CO remained attached to the material surface. Figure 5b shows the DRIFT spectra after quenching. The 45 TiO 2 (b) support showed a unique band at 2174 cm -1 assigned to CO adsorbed to Ti IV sites on the anatase surface. [29] [30] [31] interface. [29] [30] [31] Au@TiO 2 (b) displayed just this last unique and well defined coordination site characterized by a band located at 2119 cm -1 .
The water gas shift (WGS) reaction was also studied using the Au@TiO 2 (b) catalyst. For this reaction, the calculated turnover 60 frequency value after 6 h reaction at 250 º C was 6.8·10 7 molH 2 /molAu·s. This result confirmed that nanometric gold nanoparticles within Au@TiO 2 (b) had optimal size for the water−gas shift reaction. [32] [33] [34] 65
Conclusions
A general procedure to prepare high surface area materials with highly dispersed and accessible embedded catalytic nanoparticles was described. 
